An extensive search of published research and review articles indicates that enhancing the sensitivity and resolution of capillary electrophoresis (CE) is a very active area of interest. This review focuses on developments and applications in this field over several years, especially from 2009 -present. It first reviews developments in the fields of online sample preconcentration and highly sensitive detection for sensitivity enhancement. The online sample preconcentration techniques cover all methods, from electrophoretic preconcentration, extraction-based preconcentration, micelle-based preconcentration and hybrid preconcentration to nanoparticle-based preconcentration. Attention is also given to multiple dimension separations, additives in buffer solution and capillary inner surface modifications that have been used to enhance the resolution and separation efficiency of complex samples in CE. The additives include nanoparticles, chiral selectors and other buffer additives that have been added to the buffer solution.
Introduction
Capillary electrophoresis (CE) is an attractive technique because it offers high separation efficiency, requires minimal amounts of samples and chemicals, fast analysis, and minimum waste generation. Its flexibility and versatility are unrivaled and the same instrumentation can be used to separate a diverse range of analytes, both large and small molecules, whether charged or uncharged. Despite this, it has not been widely accepted among the industry as a routine analytical method. One of the disadvantages is generally thought to be the poor sensitivity of photometric detectors, which are the most popular among CE detectors. The other is the limited resolution and peak capacity for complex samples in monodimensional separation to fully resolve all the components.
The poor sensitivity has led to the development of many innovative methods to address this issue. Online sample preconcentration is a useful technique to improve the sensitivity in CE; many different approaches have been developed, as discussed in many reviews (1 -9) . The electrophoretic preconcentration is based on the velocity change of the analytes between the sample zone and the separation solution zone. The change in migration velocity is caused by the change in electric field strength between the sample and separation zone or the change in the effective charge on the analyte. The extractionbased preconcentration and micelle-based preconcentration are based on the chromatographic principle. Hybrid preconcentration methods that involve multiple mechanisms can improve the sensitivity by more than 1,000,000-fold. The previously mentioned online sample preconcentration can be performed by injecting a large volume of sample solution without modification of the instrument, and the analyte can be focused into a minimum volume inside the capillary. In addition to injection techniques and sample preparation approaches, the use of highly sensitive detection techniques [e.g., mass spectrometry (MS), laser-induced fluorescence (LIF) and electrochemistry] is another strategy to enhance sensitivity in CE.
To solve the problem of low resolution in monodimensional separation, multidimensional separations have been developed. Provided that the separation mechanisms in the two dimensions are orthogonal, the number of resolution elements of two-dimensional separation is given by the product of the resolution elements of both separation steps (10, 11) . Two criteria must be fulfilled for a separation to be considered multidimensional. First, the separations must be orthogonal to each other. To be orthogonal, the separations must be based on different molecular criteria such as molar mass, charge, hydrophobicity or chirality. Second, the resolution obtained in one dimension of the separation must be preserved in the other dimensions. Moreover, additives such as nanoparticles and chiral selectors in buffer solutions and capillary inner surface modifications can also improve the separation efficiency and resolution in CE.
Recently, nanoparticles with novel optical, electrical and magnetic properties have made a great impact on many scientific fields, such as biosensor, nanomedicine and separation science (12) . Nanoparticles not only possess high surface area-to-volume ratios, which exhibit higher adsorption capacity for analytes, but are also easily chemically modified, which allows the attachment of biomolecules directly to the surface of nanomaterials. The nanoparticles serve as large surface area platforms for organofunctional groups that interact with the capillary surface, the analytes, or both. Thus, the nanoparticles are also used to extract and enrich analytes to improve sensitivity. In addition, the apparent mobility of analytes, in addition to the electroosmotic flow (EOF), can be altered, leading to enhanced resolution and selectivity.
The aim of this review is to introduce the most recent developments in the field of sensitivity and resolution enhancement in CE, including online sample preconcentration, highly sensitive detection techniques, multiple dimension separations, additives and capillary inner surface modifications that have been implemented in CE over the past three years. This review has attempted to choose papers that showcase some of the newest and most exciting developments in the field. solution without instrument modification, and the analytes can be focused into a minimum volume inside the capillary. Field-amplified sample injection (FASI) (13 -15) , large-volume sample stacking (LVSS) (16) , transient isotachophoresis (tITP) (17) (18) (19) and dynamic pH junction (20) have been employed for preconcentration in CE.
Hou et al. developed two-end FASI for the simultaneous stacking of cationic and anionic compounds in a single run capillary zone electrophoresis (CZE) (21) . Under suppressed EOF, cations and anions were selectively FASI stacked at anode and cathode heads, respectively. After separation, the stacked anions and cations were detected by a common detector placed in the center of the capillary. Compared with nonstacking conditions, sensitivities for cationic and anionic compounds were enhanced 1,003 and 1,380-fold, respectively.
A recently developed preconcentration technique, largevolume sample stacking with an electroosmotic flow pump (LVSEP), was employed by Kawai et al. to achieve high sensitivity in CE (22, 23) . The preconcentration efficiency and effective separation length slightly increased when the effective electrophoretic velocity of the analytes was decreased by interacting with cyclodextrin ( Figure 1 ). Sensitivity increases of up to 1,000-fold were achieved with almost no loss of resolution.
Mala´et al. theoretically and experimentally investigated the electromigration behavior of salt-containing samples in selfstacking CZE, demonstrating that a single analyte can give rise to more than one detectable zone (24) . Theory models and computer simulations showed the potential for the formation of several transient boundaries at which an analyte could stack.
Bahga et al. employed bidirectional ITP to trigger a transformation from ITP preconcentration to CE separation (25) . The method provided a faster and less dispersive transition than traditional ITP and eliminated the need for intermediate steps between focusing and separation.
Danger et al. compared FASI, hydrodynamic normal sample stacking (NSS) and LVSS for the preconcentration of peptides in a high ionic strength sample matrix (26) . Preconcentration factors of 20 for FASI, approximately 30 -40 for NSS and 60 for LVSS were obtained for the analysis of (L,L) dipeptide of valine in a large excess of isovaline and 0.2M of ionic strength. The online sample preconcentration step allowed the confirmation that oligopeptide products are formed during the reaction between a,a-dialkylated amino acids and N-carboxyanhydride amino acids.
Dawod et al. developed counter-flow electrokinetic supercharging (EKS) for the preconcentration of drugs (27, 28) . A hydrodynamic counter-flow is applied during electrokinetic injection of the analytes within the EKS system, which minimized the introduction of the sample matrix into the capillary and allowed longer injections to be performed. The sensitivity was enhanced 11,800-fold and detection limits were in the low nanogram per liter range. Then they utilized EKS in nonaqueous CE to enhance the sensitivity of phenolic acids (29) . The sensitivity was enhanced between 1,333 and 3,440 times when compared to a normal hydrodynamic injection. Xu et al.
proposed an improvement of EKS methodology to enhance the sensitivity of CZE down to a single-digit part per trillion levels (30) . The advanced EKS procedure is based on a novel phenomenon displaying the formation of a zone with an increased concentration of the hydrogen ion, capable to perform the function of a terminator, behind the sample zone upon electrokinetic injection. In combination with a visualizing co-ion of background electrolyte (BGE), acting as the leading ion, this system-induced terminator affected the transient ITP state to efficiently concentrate cationic analytes prior to CZE. The strategy afforded an enrichment factor of 80,000 and the detection limits of rare earth metal ions at the ppt level. In another paper, they increased the sensitivity over 100,000-fold by optimized sample injection in EKS-CE (31) . By increasing the sample vial volume from the typical 500 mL to 17 mL, replacing the common wire electrode with a ring electrode and stirring the sample solution, more analyte ions are accumulated within the effective electric field during electrokinetic injection and maintained as focused zones due to tITP. In addition to the previously mentioned reports, many examples successfully used electrophoretic-based preconcentration approaches to concentrate analytes, as shown in Table I ( 32 -38) .
Extraction-based preconcentration Extraction-based preconcentration techniques are very general in applicability and can be very efficient, yielding high concentration factors. Xie et al. proposed inline coupling headspace liquid-phase microextraction (LPME) with CE to determine volatile phenols (39) . The enrichment factors were obtained from 520 to 1,270 and the limits of detection (LODs) ranged from 0.5 to 1 ng/mL for each phenol. In another paper, they used a separation capillary to create a microextraction droplet of the running buffer solution, held the droplet at the capillary inlet, extracted analytes of sample solutions in the headspace of a sample vial and injected concentrated analytes into the capillary for separation (40) . The proposed headspace LPME -CZE was applied to determine the preservatives of benzoic acid and sorbic acid. The enrichment factors of benzoic acid and sorbic acid achieved 266 and 404, and LODs were 0.03 and 0.01 mg/mL [signal-to-noise ratio (S/N): 3], respectively.
Lee and Her proposed a two-level two-cross interface for online coupling of solid-phase extraction (SPE) with CE-MS (41) . With the two-cross design, the operation of SPE could be performed independently without unexpected flow through leakage into the separation column. The sensitivity of peptides was enhanced 50 to 100-fold. Magnetic particles as solid-phase supports have received much attention in recent years due to their potential applications in the immobilization, separation and preconcentration of analytes. Due to their magnetic properties, they can be externally manipulated using permanent magnets or electromagnets. This allows integration of the magnetic particles into the existing analytical systems. Tennico and Remcho presented inline extraction employing functionalized magnetic particles for CE (42) . In their study, silica-coated iron oxide particles were synthesized and used as the solid support. The particles were functionalized with octadecylsilane and used as reversed-phase sorbents for inline SPE followed by CE. Magnets were used to locally immobilize these sorbents inside the capillary. Extraction, elution and detection of the analytes were performed sequentially without the need for interruption or sample handling.
Recently, Deng et al. developed a novel CE method coupled with monolithic molecular imprinted polymer (MIP) fiber-based solid-phase microextraction (SPME) for the determination of ephedrine and pseudoephedrine (43) . With in situ polymerization in a silica capillary mold and ephedrine as template, the MIP fibers could be reproducibly produced in batch. Using the MIP fiber, CE detection limits of ephedrine and pseudoephedrine were greatly lowered from 0.20 to 0.00096 mg/mL and 0.12 to 0.0011 mg/mL, respectively. Single-drop microextraction (SDME) can be coupled with CE by attaching a drop to the tip of a capillary. Park et al. selectively preconcentrated amino acids and peptides using inline DME coupled with CE (44) . The amino acids were derivatized to neutral and then concentrated into the basic acceptor phase. With this selective SDME, they extracted acidic and neutral amino acids obtaining several hundred-fold enrichments. In another paper, Choi et al. developed carrier-mediated inline SDME coupled with CE to analyze amino acids without derivatization ( Figure 2 ) (45). Nonane-1-sulfonic acid was added to donor solution as a carrier to form neutral ion pair complexes with amino acids. The ion pair complexes were extracted to the organic phase, and then back-extracted to the basic acceptor phase. The resulting extract of enriched amino acids was injected into the capillary and analyzed by CE. With 20-min SDME, enrichment factors of four aromatic amino acids were up to 120-fold. Wang et al. employed an ionic liquid (IL)-based SDME procedure using IL as extractant online coupled to CE for the detection of phenols (46) . The enrichment factors for three phenols were 156, 107 and 257, respectively, without agitation.
Xu et al. fabricated a negatively charged tentacle-type polymer-coated capillary column for the online extraction and preconcentration of proteins in CE (47) . The polymer-coated capillary column had a high surface area, offered a high phase ratio for protein adsorption and provided more stable EOF than a bare, uncoated capillary. These features facilitated the extraction of proteins through electrostatic interactions. The extracted analytes were desorbed and focused by EOF in the direction opposite to the sample injection flow for subsequent CE. A sensitivity enhancement over 1,500-fold was realized, compared to normal CZE.
Micelle-based preconcentration
Sweeping occurs whenever the sample is prepared in a matrix that is void of the pseudophase used for separations in electrokinetic chromatography. As the pseudophase moves through the sample, it picks up and concentrates the analytes, or sweeps the analytes into a very sharp zone. Zhang and Zhang developed sweeping under a controlled EOF scheme for the preconcentration and determination of neutral compounds by micellar electrokinetic chromatography (MEKC) (48) . By controlling the EOF equal to the counter electrophoretic flow, the surfactants were at an immobile state in capillary. The neutral analytes with sample solution were injected electroosmotically into the capillary and swept by a sodium dodecyl sulfate (SDS) micelle for an unlimited volume. The injected sample plug lengths were 1,532 cm, corresponding to 51 times the effective capillary length. A sensitivity enhancement of 104 was achieved, relative to a traditional pressure injection. Quirino proposed the sweeping of neutral analytes in partial-filling MEKC with electrospray ionization (ESI)-MS (49). Sweeping improved the peak intensity of neutral analytes more than 100-fold without compromising the separation efficiency.
Quirino fundamentally studied the nanopreparation of neutral analytes in CZE by analyte focusing by micelle collapse (AFMC) (50) . To induce AFMC, the conductivity of the sample solution must be greater than the background solution (BGS). This nanopreparative technique was compatible with detection using MS and could be utilized as a sample injection step for microfluidic devices. The disadvantage of this technique is that the neutral analytes are not separated after concentration. In another paper, Quirino and Haddad investigated AFMC as a preconcentration technique in partial-filling MEKC with detection using ultraviolet (UV) and ESI-MS (51). Enhancement in peak height sensitivity of more than 100 times was obtained.
Micelle to solvent stacking (MSS) is a new online sample concentration technique for charged analytes in CE. Sample concentration in MSS primarily relies on the reversal in the effective electrophoretic mobility of the analyte at the boundary zone between the sample solution and CE BGS inside the capillary ( Figure 3 ). The basic condition for MSS is that the sample is prepared in a matrix that contains an additive (i.e., micelles) that interacts with the analytes and has an opposite charge compared to the analytes. Several recent reports demonstrated the successful use of MSS as a preconcentration method in CZE and MEKC by concentration of organic anions and cations, as shown in Table II (52 -57) .
The MSS was combined with non-aqueous capillary electrophoresis (NACE) for the first time by Zhu et al. (58) . SDS micelles transported, released and focused analytes from the sample solution to the running buffer by using methanol as their solvent. The concentration sensitivity was improved 128 -153-fold in contrast to conventional NACE. Liu et al. developed micelle to trapping solution stacking in acidic buffer in MEKC (59) . The stacking mechanism was based on the transport, release and capturing of molecules bound to micelle carriers that are made to collapse into trapping solution to serve as the medium to contain and stacking the analytes. Improvements of 113-123-fold were obtained in the detection sensitivity.
Quirino presented two-step stacking of organic cations by sweeping and MSS in CZE (60) . The procedure involved the hydrodynamic injection of a micellar solution before the sample that was prepared without the micelles. The micelles swept and transported the cations to the boundary zone between the sample and CZE buffer. The presence of organic solvent in the CZE buffer induced the second stacking step of MSS. The LODs were 20-50 times better than with typical injection. Recently, two-step stacking of organic anions by sweeping and MSS using cationic cetyltrimethylammonium micelles in co-EOF CZE was described by Quirino and Guidote (61) . Increases in 20 -29, 17 -33 and 18-21 times the peak height sensitivity were obtained for the test drugs and herbicides, and the LODs ranged from 0.05 to 0.55 mg/mL.
Transient trapping is a new mechanism of online sample concentration and separation that has recently been presented. It involves the injection of a short length of micellar solution in front of the sample, making it similar to sweeping in partialfilling MEKC. Breadmore et al. examined the mechanism of transient trapping by the use of computer simulations (62) . The simulation results confirmed that the mechanism for concentration is similar to sweeping because the analytes are picked and accumulated by the micelles that penetrate the sample zone. However, the mechanism for separation is quite unique because the concentrated analytes are trapped for a few seconds on the sample/micelle boundary before they are released; the concentration of micelle is reduced as it undergoes electromigration dispersion and the analytes separate down a micelle gradient. Sueyoshi et al. combined transient Model for the online concentration of organic anions by MSS in CZE with anodic EOF. The BGS was an electrolyte that contained an organic modifier and the sample (S) solution included two anionic analytes prepared with an electrolyte that contained a cationic surfactant above the critical micelle concentration (cmc). Starting situation: the capillary was conditioned with BGS and then the S was injected (A); application of voltage: the micelles crossed the micelle to solvent boundary (MSSB), where their affinity to the analytes was lowered due to the organic modifier (B); the analytes were focused as more micelles traversed the MSSB and the analytes are accumulated along the boundary; the analytes were successfully separated by CZE (D-E). More explanation is provided in the text. Copyright 2010 Elsevier.
trapping with a sample labeling using a hydrophobic reagent in CE (63) . In transient trapping MEKC, both the improvement of the resolution and 106-125-fold enhancements of the detectability of labeled amino acids were achieved relative to the conventional CZE.
Michalska et al. employed MEKC to separate ertapenem from its impurities using normal stacking mode (NSM) and stacking with reverse migrating micelles (SRMM) (64) . Improvements in peak areas of approximately 183-4.75-fold and 1,289-4.07-fold were obtained for NSM and SRMM, respectively, compared to the usual hydrodynamic sample injection.
Hybrid preconcentration
To enhance sensitivity, hybrid preconcentration techniques that combined different concentration methods have been developed and widely applied in recent years. Wei et al. coupled FASI and sweeping technology with MEKC to detect acidic and basic components in a single run by using a combination of successive anion and cation-selective injections (65) . At first, a rinse buffer was injected to suppress EOF. Sample loading of anionic components was achieved by electrokinetic injection at negative voltage, and then the cationic components were injected at positive voltage. Finally, sweeping with SDS micelles was performed at a negative voltage. Anres et al. investigated the parameter impact in the hyphenation of field-enhanced sample injection (FESI) and sweeping in MEKC by the chemometric approach (66) . They demonstrated that the water plug was not useful because of long electrokinetic injections, variations of high conductivity buffer (HCB) do not impact the sensitivity if conductivity of the HCB and the HCB to sample conductivity ratio are sufficiently high and the length of the HCB must be long enough and SDS concentration should be as high as possible. Following these recommendations, only injection time and sample conductivity impacted sensitivity enhancements.
Rabanes et al. studied the synergistic effect of FESI on MSS in CE (67) . The injection of an SDS micellar plug prior to the sample solution induced the transient micellar phase extraction of cationic drugs (Figure 4 ). The MSS mechanism was utilized by preparing the sample in aqueous organic solvent. Synergism was achieved with FESI, which allowed larger sample loads. MSS occurred concurrently with the enhanced injection after the fast-moving analytes electrophoretically migrated into the micellar plug. The strategy afforded thousand-fold improvements in peak height.
Liu et al. combined LVSS with reversed pH junction in CE for online preconcentration of glycoforms (68) . LVSS allows for compressing a large injected sample volume into a narrow sample zone, contributing to sensitivity improvement, and the reversed pH junction coordinates the preconcentration process to improve the resolution. The detection sensitivity was improved by 50 -100 times.
Cao et al. applied dual sweeping based on complexation and organic solvent field enhancement in non-ionic MEKC to direct online analysis of neutral glucosides (69) . The LODs were improved 50 to 130-fold relative to conventional injection methods. Separation efficiencies greater than a million theoretical plates were achieved by sweeping large sample volumes into narrow zones. Kitagawa et al. employed a combination of sweeping and stacking mechanisms to accomplish large-volume preconcentration of peptides in NACE (70) . Sample solutions were injected as a large-volume plug of up to 80% of the effective capillary length. LODs and limits of quantitation (LOQs) were reported in the sub mmol/L range.
Dawod et al. compared efficiencies of sweeping, AFMC and simultaneous FASS and sweeping for the preconcentration of hypolipidemic drugs in MEKC (71) . Improvements in detection sensitivity of 60, 83 and 80-fold were obtained with sweeping, AFMC and simultaneous FASS and sweeping, producing LODs of 50, 36 and 38 mg/L compared with hydrodynamic injection of the drug mixture prepared in the separation BGE. Zhu et al. described the online combination of single-drop liquid 2 liquid 2 liquid microextraction (LLLME) with online CE, used in conjunction with LVSS-combined sweeping without polarity switching (72) . The method was highly reproducible, demonstrated by low relative standard deviations (RSDs), and achieved a 1,030-fold enrichment factor when the extraction time was extended to 60 min. The technique has the utility for commercial CE instruments for directly handling complex matrixes.
Xu et al. used solvent-bar microextraction (SBME) based on two-phase extraction as the sample pretreatment method for NACE of herbicides (73) . They also compared SBME with SDME and hollow fiber-protected LPME. The SBME showed the highest extraction efficiency. In addition, FASI with preintroduced organic solvent plug removal using the EOF as pump was used to further enhance the sensitivity in NACE. Combined with SBME, FAEP -NACE achieved LODs of between 0.08 and 0.14 ng/mL. Other examples of the use of hybrid preconcentration methods for the concentration of analytes are shown in Table III (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) .
Nanoparticle-based preconcentration Nanoparticles have been shown to be capable of extracting a variety of molecules from a complex matrix because they exhibit high absorption capacity. Therefore, the application of nanoparticles to extract and enrich analytes in CE-based analysis has attracted much attention. Carpio et al. used carboxylic group functionalized magnetic nanoparticles for the preconcentration of metals prior to determination by CE (84). Dou et al. synthesized and employed boronate functionalized magnetic nanoparticles as extracting probes to capture and enrich cis-diol-containing biomolecules (85). Chang et al. described the use of gold nanoparticles (AuNPs) for the extraction and enrichment of aminothiols (86 -88) , indoleamines (89), melamine (90) and thiol-containing peptides (91) prior to analysis by CE. The extraction steps include the capture of analytes with AuNPs, centrifuging and washing of analyte-adsorbed AuNPs, liberation of analytes from the Au surface and separation by CE ( Figure 5 ). The LODs were improved up to 4,030-fold compared to CE without extraction (89) .
Hsu and Whang reported a microscale SPE method using alumina-coated iron oxide nanoparticles (Fe 3 O 4 -Al 2 O 3 ) as the affinity adsorbent, followed by CE for the extraction and determination of glyphosate (GLY) and aminomethylphosphonic acid (AMPA) (92) . With a sample-to-extract volume ratio of 1,000, the enrichment factors for GLY and AMPA were 460 and 64, respectively. Thabano et al. reported silica nanoparticletemplated methacrylic acid monoliths for inline SPE-CE of basic analytes (93) . The ion-exchange binding of protonated weakly basic analytes on deprotonated carboxylate sites on methacrylate polymer monoliths was increased 33-fold by templating the monoliths with silica nanoparticles. The enhancement in sensitivity for the test mixture of neurotransmitter ranged from 1,500 -1,900, compared to a normal hydrodynamic injection in CE. Efficiencies were 100,000-260,000 plates.
Zhao et al. developed a sensitive method based on AuNPenhanced CE -chemiluminescence (CL) detection of uric acid (94) . AuNPs were added into the running buffer of CE to catalyze the post-column CL reaction between luminol and hydrogen peroxide, achieving highly efficient CL emission. The detection limit was 4.6 Â 10 28 mol of uric acid. Based on the highly sensitive and selective fluorescence enhancement of water-soluble cadmium telluride (CdTe)/ cadmium sulfide (CdS) core-shell quantum dots (QD) by organophosphorus pesticides, Chen and Fung developed a method for the detection of organophosphorus pesticides using QD-enhanced LIF detection for CE (95) . QDs were immobilized onto the inner wall of the capillary, where they were able to selectively enhance analyte detection. Detection limits were reported ranging from 50 to 180 mg/kg. A new assay was developed by Chen et al. by the use of MEKC with indirect LIF for the determination of nicotinyl pesticide residues in vegetables, in which the cadmium telluride QDs were used as fluorescent background substance and their excitation and emission wavelengths were matched the LIF detector by engineering their size (96) . The detection limits were 0.009-0.05 mg/kg. Li et al. described CE for the detection of dual single-base mutations using QD-molecular beacon probe (97) . Two CdTe QD molecular beacon probes were covalently conjugated to magnet beads (MBs) with different DNA oligonucleotide sequences by amide linkage and streptavidin-biotin binding. Target DNA identification was observed to have a high sensitivity of 16.2 pg in CE.
Highly Sensitive Detection
In addition to online sample preconcentration approaches, the use of highly sensitive detection techniques such as LIF (98), electrochemical (EC) (99) and MS (100) are more strategies to enhance sensitivity in CE. Dada et al. reported a dynamic range for CE 2 LIF spanning nine orders of magnitude by employing cascaded avalanche photodiode photon counters (101) . The LIF detector used a cascade of four fiberoptic beam splitters connected in series to generate four attenuated signals along with the primary signal. Scaling allowed the production of a linear optical calibration curve from the concentration detection limits of 1 pM up to 1 mM for 5-carboxyltetramethylrhodamine. A mass detection limit of 120 yoctomol was obtained. Yu et al. proposed a wall-free detection method based on liquid junction in a capillary gap for LIF of CE (102) . The wall-free cell can increase the absorption light path and avoid the stray light from the capillary wall, so it improves the LOD of CE-LIF by 6 -15 fold. Shen et al. developed an affinity probe capillary CE -LIF method for the detection of rHuEPO-a by using a specific single-stranded DNA aptamer probe (103) . The linear range was from 0.2 to 100 nM and the LOD was 0.2 nM.
Fang et al. developed neurotransmitter quantification by CE with fast-scan cyclic voltammetry (FSCV) detection, which allows peak identification by both migration time and cyclic voltammogram, in contrast to traditional amperometric detection (104) . Detection limits as low as 1 nM were reported. Mai and Hauser utilized a contactless conductivity detector in CE for the sensitive detection of both cations and anions in narrow capillaries of 10 mm internal diameter, which in turn allowed the use of hydrodynamic pumping without significant penalty in dispersion, otherwise caused by the laminar nature of the flow (105) . The small size of the detector allowed the concurrent use of two cells at different points along the capillary for added flexibility. The LODs for inorganic ions were all approximately 1 mM. Zhang et al. coupled CE with dual EC detection for the determination of pathological metabolites of phenylalanine (106) . A highly linear response was obtained over three orders of magnitude, with detection limits ranging from 6.6 to 0.064 mg/mL. Figure 6 ) (107). The PTFE membrane trapped SDS -CGE separated proteins. The collected proteins bound to SDS were washed off and identified on-membrane with MALDI-TOF-MS. The ability to immunoblot and Coomassie stain the collected proteins was also demonstrated. Desiderio et al. coupled a FASI preconcentration technique to CE ion trap tandem MS for the analysis of arginine and methylated metabolites (108) . CE hyphenated to ESI-MS is a powerful tool for analyzing a wide variety of analytes in different matrices. The major concern with CE -ESI-MS lies in finding a suitable and versatile interface to ensure the best CE and ESI operations (109-110). Barbula et al. used desorption ESI to interface CE-MS. Effluent from capillary columns was deposited on a rotating Teflon disk that was covered with paper (111) . As the surface rotated, the temporal separation of the eluting analytes was spatially encoded on the surface. Two separations were performed with this scheme, and in both cases, the effects of salts and detergents on MS analysis were reduced. Haselberg et al. described a prototype porous tip sprayer for sheathless CE -MS of intact proteins (112) . Capillaries with a porous tip were inserted into a stainless steel needle filled with static conductive liquid and installed in the ESI source. The analyte response in sheathless CE -MS could be enhanced using a nanoESI source and adding 5% isopropanol to the BGE, leading to improved detection limits by 50 to 140-fold compared to sheath liquid interfacing using the same capillary, which was equivalent to sub-nM detection limits for three out of four proteins.
SDS -capillary gel electrophoresis (CGE) is a fundamental analytical technique for proteomic research. Lu et al. reported coupling SDS -CGE with matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)-MS by using a polytetrafluoroethylene (PTFE) membrane (
CL offers a sensitive detection method for CE. Many efforts have been made toward the advancement of CE -CL and its applications through the continuous development and improvement of interfaces (113) . Wang et al. fabricated a rotary cell for CE -CL (114) . A ring-shaped narrow channel with a quartz bottom was made in a cell body to hold CL reactants and acted as the reaction chamber. The capillary was placed closely to the bottom of the reaction chamber where the analyte was deposited into the CL reactants for reactions to occur. The rotary reaction cell reduced problems with bubble formation and flow blockage. Detection limits were reported as low as 0.91 nM for horseradish-peroxidase. Xu et al. developed an on-column fracture/end-column reaction interface for CE -CL (115) . With the interface, the applied electric field was decoupled from the CL detection, which effectively improved the performance of CE and allowed the independent optimization of CL detection. A detection limit of 0.1 nM and theoretical plate numbers as high as 56,000 were obtained. Liu et al. described a new CL immunoassay hyphenated to CE with an AuNPs technique for the determination of biological molecules (116) . AuNPs were used as a protein label reagents in light of their excellent catalytic effects on the CL reaction of luminol and hydrogen peroxide. The detection limit of immunoglobulin G was 7.1 pmol/L. Liu et al. proposed the CE -CL analysis of isoniazid based on the enhancement effect of isoniazid to the CL emission of luminol-periodate potassium reaction (117) . The LOD was 3.0 Â 10 27 g/mL.
Multiple Dimension Separations
For complex samples, multiple dimension separations have aroused great interest in recent years due to their high separation power and peak capacity. Garcı´a-Villalba et al. developed a two-dimensional (2D) high-performance liquid chromatography (HPLC) -CE platform to characterize the phenolic fraction of olive oil (118 (120) . The interface allowed two second-dimension separation capillaries to sample the chromatography effluent by servo-controlled positioning of the capillary inlets in either the effluent or BGE streams. The use of multiple second dimension capillaries allowed higher first-dimension sampling rates or multiple second-dimension separation modes. Č esla et al. combined LC with MEKC for the separation of phenolic acids and flavone compounds (121) . They applied in-capillary sweeping with an enhanced electric field preconcentration step to improve the sensitivity of the 2D method before the second-dimension MEKC analysis (122) . Gonzalez-Gomez et al. employed 2D capillary sieving electrophoresis (CSE) -MEKC to separate protein based on their size and hydrophobicity. They used methyl beta cyclodextrin (mbCD) as a buffer additive to improve the resolution of complex protein samples (123) . Stacking of first dimension zones at the interface and an increase in the number of resolved analytes were reported when 10 mmol/L of mbCD was added to the interface and second-dimension run buffers.
Davis et al. combined gradient elution ITP with CZE for the sensitive analysis of amino acids in a single capillary (124) . The single solution switch and lack of polarity inversion allowed for reproducible separations. The LOD was as low as 200 fmol/L. Wojcik et al. described a form of 2D-CE, diagonal CE, which employed identical separation modes in each dimension (125) . Step using MUA-AuNPs as the affinity probes to trap melamine from an aqueous solution, followed by CE -UV analysis. Copyright 2010 Elsevier.
The distal end of the first capillary incorporated an enzymebased microreactor. The utility of the platform in studying enzymes was demonstrated with phosphopeptide characterization. The assay facilitated the detection of post-translational modifications, assuming the availability of an immobilized enzyme that reacts under electrophoretic conditions.
Dickerson et al. joined capillary isoelectric focusing (CIEF) and CZE through a buffer-filled interface for the sensitive 2D separation of proteins (126) . The process of fraction transfer and second-dimension separation was repeated two dozen times and the separation produced a spot capacity of 125. An integrated platform consisting of monolithic immobilized pH gradient-based CIEF and CZE coupled with a partially etched porous interface was established by Wang et al (127) . The 2D-CE yielded a peak capacity of 200, even with a small sample amount of 5.0 mg/mL, and the LOD was 0.2 mg/mL. An online 2D system combined CIEF with pressurized capillary electrochromatography ( pCEC) using a micro-injection valve as the interface was developed by Wei et al. for peptide and protein mapping (128) . Sample fractions, which were focused and separated in the first-dimension CIEF based on their differences in isoelectric points ( pIs) were electrically mobilized and successively resolved by their differences in size, hydrophobicity and electrophoretic mobility in the seconddimension pCEC. A theoretical peak capacity of approximately 24,000 was achieved.
A novel preconcentration and separation approach, which combined online CZE with CD-modified MEKC, was developed by Zhang et al. for simultaneous enhancing resolving power and detection sensitivity (129) . CZE with CSEI and tITP preconcentration were used as the first dimension, from which the effluent fractions were further analyzed by CD-modified MEKC, acting as the second dimension. The grouping of two orthogonal separation techniques, together with analyte preconcentration techniques, significantly enhanced the resolution and sensitivity for 2D separation of cationic compounds. Up to 14,000 to 35,000-fold improvement in sensitivity were obtained, relative to conventional electrokinetic injection methods.
Anouti et al. developed heart-cutting 2D-CE in a single capillary for the chiral separation of a mixture of 22 underivatized amino acids (130) . The first dimension was performed in an achiral BGE, allowing the separation of the analytes as a function of their charge-to-radius ratio. A selected fraction from the first dimension was then separated in the second dimension in the presence of a chiral selector. They used transient moving chemical reaction boundary (tMCRB) for the online preconcentration of native amino acids in heart-cutting 2D-CE (131) . An LOD of 2 mmol/L was achieved for L-threonine.
Zhang et al. designed a microhole interface to hyphenate CZE and MEKC for the heart-cutting 2D separation and analysis of weak basic compounds (132) . The online concentration strategies pH junction and sweeping were employed to avoid sample zone diffusion at the interface. To avoid fabricating and using the interface between the two dimensions, a heartcutting 2D-CZE -MEKC was developed in a single capillary, combined with on-column EC detection for the online purification and determination of b-antagonists in blood samples (133) . The online dual concentration methods FASS and sweeping were employed to accumulate the purified components, which effectively counteracted the sample zone diffusion during the mobilization pressure step. A novel 2D separation method, which hyphenated MEKC and CZE, was developed for the analysis of flavonoids in Leonurus cardiaca (134) . As the key to successful hyphenation of MEKC and CZE, an AFMC concentration method was employed between the two dimensions to release analytes from the micelle interior to a liquid zone. To analyze trace analytes in complex samples, an integrated concentration/separation approach was developed involving online combination of sweeping with electrokinetic injection and AFMC with heart-cutting 2D-MEKC-CZE (135) . The concentration and 2D separation mechanism are shown in Figure 7 . Sweeping with an electrokinetic preconcentration was used to inject a large volume of sample solution into the MEKC-CZE 2D separation scheme. AFMC was introduced between the two separation dimensions to release analytes from the micelle interior into a liquid zone and to overcome the sample zone diffusion caused by mobilization pressure. The use of dual concentration methods increased detection factors 6,000-fold when compared to conventional pressure injections. LODs were in ng/L range and theoretical plate numbers were on the order of 10,000. Li et al. described a 2D-CE system that incorporated a replaceable enzymatic microreactor for online protein digestion (136). The trypsin was immobilized on magnetic beads. After separation in the first capillary, a fraction of proteins was parked in the reactor to create peptides, and then transferred to the second capillary for separation.
A novel multifunctional analysis platform established on the basis of wide-bore electrophoresis (WBE) and CE was presented by Li et al. (137) . A distinct three-electrode format was adopted to continuously separate and transfer samples between WBE and CE. This continuous mode of operation helped to eliminate the need for exactly timing the transfer of specific sample zones from WBE to CE and avoided the danger of missing specific samples.
Additives in Buffer Solution

Nanoparticles
Besides the employment for improving sensitivity, the utility of nanoparticles in separation science to improve resolution and separation efficiency have attracted attention in recent years. Chen et al. established a gold nanoparticle-filled CE method combined with three multiplex polymerase chain reactions for the simultaneous diagnosis of five common a-thalassemia deletions (138) . AuNPs were used as the pseudostationary phase to improve the resolution between DNA fragments. Fifteen DNA fragments with sizes ranging from 0.2 to 3.0 kb were resolved within 11.5 min. Zhang et al. developed a sensitive and selective CE-based EC immunoassay method enhanced by AuNPs for the simultaneous improvement of separation power and sensitivity (139) . The interaction between analytes and AuNPs altered the apparent mobility of target analytes, leading to enhanced CE resolution (Figure 8 ). Moreover, sensitivity enhancements of more than 70-fold were obtained using AuNPs as multi-analyte carriers of the signaling antigens and the bound enzyme-labeled complex. By using enhancement with AuNPs, the simultaneous separation and determination of the four shellfish toxins in shellfish samples was successful, with the advantages of high selectivity and sensitivity.
The use of silica nanoparticles with surface modification in different applications is a topic of growing interest. Hui and Ma compared the effectiveness of diamine and amine-modified silica nanoparticles as pseudostationary phases in CE (140) . The behavior of the diamine-modified silica nanoparticles was superior to those modified with amines. When added to the running buffer, the nanoparticles coated the inner wall of the capillary and induced a reversal of the EOF. This was found to significantly enhance enantioseparation in terms of both resolution and selectivity. Nilsson et al. utilized lipid-based liquid crystalline nanoparticles as the pseudostationary phase to separate proteins with similar mass-to-charge ratios at neutral pH without organic modifier (141) . High salt concentrations in the separation buffer, which promoted hydrophobic interactions between the proteins and nanoparticles, proved to be very useful at separating the analytes. In another paper, they used totally porous lipid-based liquid crystalline nanoparticles as the pseudostationary phase for the CE analysis of proteins at physiological conditions using unmodified cyclic olefin copolymer capillaries (142) . In the absence of nanoparticles, the protein samples adsorbed completely to the capillary walls and could not be recovered. The nanoparticle-based pseudostationary phase both prevented this and enhanced the separation. Closely related variants of native green fluorescent protein were separated with efficiencies of 400,000 plates/m within a 2.5 min separation window. Subramaniam et al. described how varying the nanoparticle pseudostationary phase plug length affected the CE separation (143) . They used a 1 nmol/L 11-mercaptoundecanoic acid functionalized gold (Au -MUA) nanoparticle pseudostationary phase plug for the CE separation of hypothesized Parkinson's disease biomarkers. The migration times and peak areas of the biomarkers changed when the plug length was varied at a fixed separation voltage. Li et al. prepared amphiphilic silica nanoparticles as the pseudostationary phase for the CE separation of charged and neutral compounds (144) . Fast separation of representative aromatic acids was fulfilled with high separation efficiency and the investigated basic compounds were baseline resolved with symmetrical peaks. Wang et al. described the enhanced separation of seven quinolones by CZE using silica nanoparticles as running buffer additives (145) . The addition of the silica nanoparticles allowed the separation and detection of seven distinct components. In another paper, they used silica dioxide (SiO 2 ) nanoparticles as the pseudostationary phase to improve the separation efficiency of erythropoietin from its immunocomplex by CE (146) . By adopting SiO 2 nanoparticles in the CE immunoassay, the separation was successfully performed in neutral running buffer solution.
Chiral selectors
Chiral selectors are often employed to enhance selectivity and separation resolution between chiral compounds. Giuffrida et al. used a 3-amino-derivative of g-cyclodextrin as chiral selector of Dns-amino acids in electrokinetic chromatography (147) . Sufficient resolution of enantiomeric pairs of positively charged, neutral and negatively charged amino acids was achieved using a partial filling technique that was compatible with ESI. Macrocyclic antibiotics have been demonstrated to represent powerful enantioselectivity toward many chiral compounds. Prokhorova et al. reported the use of a macrocyclic glycopeptide antibiotic and eremomycin for the enantioseparation of five profens by CE (148) . Excellent enantioseparation of profens was achieved and migration order was validated. Resolution values ranging from 2.81 to 7.11 were reported for the pairs of profen enantiomers in a slightly acidic ( pH 6.5) separation medium. Elbashir and Suliman reported that three chiral primary amine compounds exhibited only partial or no separation when b-CD was used as chiral selector in CE, but found enhanced separation upon the addition of 18-crown-6 as a second additive (149) . The molecular modeling study showed that a sandwich compound was formed between 18 C 6 , the amine and b-CD in the presence of 18-crown-6. This significantly increased the binding energy and induced strong hydrophobic and van der Waals interactions, resulting in enhanced enantio-differentiation. Xiao et al. synthesized a series of singleisomer cationic b-CDs as chiral selectors in CE for the enantioseparation of carboxylic and hydroxycarboxylic acids and dansyl amino acids (150) . The new chiral selectors exhibited great resolving ability. The effective mobilities of all analytes were found to decrease with increasing selector concentration. Yang et al. used CD-modified AuNPs as chiral selectors for the enantioseparation of drugs and amino acids (151) . Four pairs of dinitrophenyl-labeled amino acid enantiomers and three pairs of drug enantiomers were separated with good theoretical plate numbers (up to 2.4 Â 10 5 per meter) and separation resolution (up to 4.7), which were obtained even with low concentrations of modified AuNPs. Linear polysaccharides exhibited powerful enantioselective properties. Chen et al. reported the first use of branched polysaccharides as chiral selectors in CE for the enantiomeric separations (152) . Eighteen chiral compounds, including 12 basic drugs and six acidic drugs, were tested to demonstrate the potential of this chiral selector. Enantiomers of ibuprofen, citalopram, cetirizine and nefopam were baseline resolved in several Tris-buffered systems. Hu et al. used eight l-tartrates and a d-tartrate as chiral oils to prepare chiral microemulsion buffer additives for the separation of enantiomeric b-blockers with MEEKC (153) . The efficiency of a chiral selector in terms of enantioselectivity and resolution was reported to increase with the number of carbon atoms in the alkyl group of the alcohol moiety. Chen and Du used lincosamide antibiotics as chiral selectors for the first time in CZE and MEKC. They evaluated the enantioseparation capability of the novel chiral selector clindamycin phosphate toward basic drugs in MEKC (154) . This work demonstrated good separation of enantiomeric compounds, including nefopam, citalopram, tryptophan, chlorphenamine, proporanolol and metoprolol. SDS enhanced the quality of the separation.
Other buffer additives
The use of additives in buffer solution has increased across a variety of applications. Luo et al. used phospholipids as additives in CE to alter the selectivity and enhance the separation for glycans (155) . Different sample injection techniques were employed to maximize the effect of the phospholipids additive ( Figure 9 ). The results demonstrated that the resolution was enhanced with the additive. Concanavalin A and a-1-2,3 mannose were also incorporated to provide additional selectivity. Liu et al. examined the influence of cationic poly(amidoamine) dendrimers on the capillary electroseparation -UV analysis of proteins (156) . Poly(amidoamine) adsorbed to the inner wall of the capillary and both suppressed the adsorption of proteins and enhanced buffer selectivity toward the proteins. The merged peaks of myoglobin and trypsin inhibitor were separated. Cao and Dun presented a means for the separation and sweeping of flavonoids by microemulsion electrokinetic chromatography (MEEKC) using mixed anionic and cationic surfactants as the modified pseudostationary phase (157) . The mixed surfactants demonstrated significantly enhanced separation efficiency through the change of the efficient electrophoretic mobility of analytes, and the sensitivity was enhanced 185 -508 fold. In another paper, Cao et al. investigated the use of single-walled carbon nanotubes (SWNTs) with different dispersion as additives in MEEKC (158) . The addition of surfactant-coated SWNTs in microemulsion provided a more efficient method than carboxylic SWNTs for the separation of flavonoids and phenolic acids, depending on the interaction between the analytes and the surface of the SWNTs. Li et al. reported a co-electroosmotic CE system for the determination of aromatic acids by employing poly(1-vinyl-3-butylimidazolium bromide) as the BGE modifier (159) . All eight aromatic acids were baseline resolved with separation efficiencies in the range from 355,000 to 943,000 ( plates/m). Su et al. used SDS and 1-butyl-3-methylimidazolium-based ILs as buffer additives to enhance the separation of benzodiazepines (160). 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM][NTf(2)]) was found to be the most efficient additive due to the interaction of its anionic moiety with the benzodiazepines.
Capillary Inner Surface Modifications
A typical problem in the CE of macromolecular compounds, especially proteins, is that the separation is often hampered by the adsorption of the analytes onto the fused-silica capillary wall due to electrostatic and hydrophobic interactions. To allow efficient CE separations of macromolecular compounds, coating or modification of the inner capillary surface is often needed to minimize or completely prevent analyte -wall interactions. Many recently reported CE studies utilize capillary coatings or modifications to achieve proper separation and detection of macromolecular compounds. Wang et al. used a poly(1-vinylpyrrolidone)-based copolymer coating for the separation of basic proteins and lipoproteins by CE (161) . The copolymer was adsorbed onto the fused-silica surface by hydrogen bonding and electrostatic interactions. The coating proved to be quite stable and yielded peak efficiencies ranging from 386,000 to 738,000 plates/m. Elhamili et al. used N-methylpolyvinylpyridinuim polymer as silica surface modifier for CE analysis of peptides (162) . The surface modifier gave rapid and repeatable separations with peak efficiencies of up to 4.3 Â 10 5 plates/m. Cao et al. used a graft copolymer, hydroxyethylcellulose-graft-poly[2-(dimethylamino) ethyl methacrylate], as physical coatings of the bare fused-silica capillaries to suppress the EOF during CE separation (163) . The electrical charge of the coated capillary wall could be modulated by varying not only the pH of the running buffer, but also the grafting ratio of poly[2-(dimethylamino)ethyl methacrylate] grafts, which made possible the analysis of basic and acidic proteins in a single capillary. He et al. covalently coupled d-gluconolactone with an aminopropyl-derivatized capillary to create hydrophilic brushes on the inner wall of the capillary (164) . The hydrophilic coating suppressed the EOF and minimized protein adsorption, resulting in the separation of basic proteins and DNA with efficiencies up to 450,000 plates/m.
Conclusions
This paper presented the new developments concerning enhancing the sensitivity and resolution of CE. Many diverse methods have been developed for CE to enhance its sensitivity and resolution, which demonstrates that scientists are interested in this area. New methods are continuously being developed, which aim to reduce the need for offline sample preparation; the exploitation of electrophoretic phenomena is a powerful way for this to be achieved, particularly through the integration of multiple dimension separation with electrophoretic preconcentration systems. A future scenario may employ nanoparticles in CE to enhance the sensitivity and resolution, especially for trace analytes in complex samples. This is warranted by the advent of nanotechnology and its rapid development, ensuing the increasing presence and use of engineered nanomaterials in the market today and in the future. Figure 9 . Illustration of the need for the injection procedure used in trace B to evaluate the separation performance of phospholipid media. As shown in the schematic to the left, the sample (solid gray) is introduced into the capillary with an electrokinetic injection directly into phospholipid (wavy lines) or with aqueous buffer plugs (dotted) introduced before and after the sample injection. The separation is achieved at 258C, with 2.5-10% phospholipid at -16 kV, 50 mm inner diameter, effective capillary length of 30.2 cm and total capillary length of 40 cm. Copyright 2010 American Chemical Society.
